Abstract Using a needle-probe videomicroscope with a charge-coupled device (CCD) camera, we measured the diameter of subendocardial arterioles and venules during prolonged diastole beyond the time point at which coronary blood flow reached zero. In seven open-chest heart-blocked dogs, a sheathed needle probe with a doughnut-shaped balloon was introduced from the left atrial appendage and advanced into the left ventricle through the mitral valve. The tip of the probe was placed gently on the endocardial surface. Diameters of arterioles (n= 16) and venules (n= 16) at the beginning of long diastole ranged from 40 to 126 ,um and from 32 to 192 ,um, respectively. After cardiac arrest, the arteriolar diameter gradually declined with aortic pressure. Arteriolar diameters at zero flow decreased by 28±9% (mean±SD) 
Abstract Using a needle-probe videomicroscope with a charge-coupled device (CCD) camera, we measured the diameter of subendocardial arterioles and venules during prolonged diastole beyond the time point at which coronary blood flow reached zero. In seven open-chest heart-blocked dogs, a sheathed needle probe with a doughnut-shaped balloon was introduced from the left atrial appendage and advanced into the left ventricle through the mitral valve. The tip of the probe was placed gently on the endocardial surface. Diameters of arterioles (n= 16) and venules (n= 16) at the beginning of long diastole ranged from 40 to 126 ,um and from 32 to 192 ,um, respectively. After cardiac arrest, the arteriolar diameter gradually declined with aortic pressure. Arteriolar diameters at zero flow decreased by 28±9% (mean±SD) compared with A rterial blood inflow into the myocardium is almost exclusively limited to diastole, since cardiac contraction impedes the coronary arterial flow in systole.1-3 To understand the mechanisms by which the myocardium is perfused during diastole, the coronary pressure-flow (P-F) relation during diastole has been investigated. 4 In 1978, Bellamy5 observed that coronary arterial inflow during long diastole could become zero while aortic pressure was still substantially higher than right atrial pressure. He suggested that the collapse of arterioles may occur, causing a vascular waterfall phenomenon attributable to a high zero-flow pressure. If this happens, the high zero-flow pressure depends on the intramyocardial pressure around the vessels. The slope of the P-F relation and its intercept with the pressure axis were of major interest, since they were considered to indicate coronary vascular resistance and effective back pressure to flow. An alternative hypothesis for high zero-flow pressures, based on intramyocardial capacitance, was put forward by Spaan.6 He pointed out that intramyocardial vessels have a relatively large capacitance and that the resulting long time constant leads to an apparently high zero-flow pressure.
To analyze the diastolic P-F relation in terms of a microvascular behavior, Kanatsuka et a17 measured internal diameters of epicardial coronary microvessels during long diastole under maximal vasodilation by using an intravital microscope equipped with a floating objective. They observed that all epicardial arterial microvessels remained open when red blood cell progression in coronary microvessels stopped. They concluded that in the epicardium, zero-flow pressure is not caused by critical closure of arterial microvessels. To discuss the P-F relation in terms of myocardial perfusion, however, it is crucial to observe the behavior of subendocardial microvessels during long diastole. Recently, we have observed subendocardial arterioles and venules of a beating porcine heart by a newly developed needle-probe videomicroscope with a charge-coupled device (CCD) camera. 8 We demonstrated in subendocardium that the diameter of both arterioles and venules decreased during systole and increased during diastole.
The present study was designed to measure the diameter of subendocardial arterioles and venules during prolonged diastole by using a needle-probe videomicroscope with a CCD camera.
carbon dioxide tensions within the physiological range. A high-frequency jet ventilator (model VS 600, IDC) was used to minimize the effect of lung motion on the observation of vascular images. Each animal was placed on a heating pad to maintain body temperature at 37°C. Polyvinyl catheters were introduced into the left femoral artery and the external left jugular vein for blood sampling and drip infusion. Metabolic acidosis during an experiment was prevented by an intravenous infusion of sodium bicarbonate, which maintained arterial pH at -7.4. The electrocardiogram was recorded, and aortic and left ventricular pressures were measured with an 8F pigtail double-manometer catheter (Millar model SPC-784A) inserted via the right carotid artery. The chest was opened by both a median thoracotomy and a left thoracotomy of the fourth or fifth intercostal space. The heart was exposed and suspended in a pericardial cradle. The proximal portion of the left anterior descending coronary artery (LAD) was isolated near its origin, and an electromagnetic flowmeter (model FI, Nihon Kohden) was placed around the artery for the measurement of coronary blood flow. A stiff polyvinyl catheter was inserted into the great cardiac vein through the right jugular vein. Pressure in the great cardiac vein was measured with a fluid-filled catheter and a pressure transducer (model DHC, Nihon Kohden). All measurements were recorded on a directwriting recorder (model RIJ 5608, Nihon Kohden).
A complete atrioventricular heart block was produced by injecting formaldehyde (40%) into the atrioventricular node,9 and a pacing wire was sewn onto the right ventricular outflow tract. The heart was paced at a constant rate (100 to 120 beats per minute) throughout each experiment. At the end of each experiment, the LAD was cannulated with a stainless-steel cannula advanced through the right carotid artery. India ink was injected into the cannula, and the weight of the stained tissue was measured to calculate the flow per gram of the perfused myocardium.
Measurements of Diameters of the Subendocardial Arterioles and Venules During Prolonged Diastole
The needle-probe videomicroscope with a CCD camera (VMS 1210, Nihon Kohden) has been described in detail elsewhere.8 Briefly, the system consists of a needle probe, a camera body containing a CCD camera, a lens and light guides, a control unit, a light source, a monitor, and a videocassette recorder (see Fig 1 of The needle probe was enclosed in a Silastic 14F doublelumen sheath (with a doughnut-shaped balloon at its tip), introduced from the left atrial appendage, and advanced into the left ventricle through the mitral valve. After inflating the doughnut-shaped balloon, the needle probe was placed gently on the endocardial surface. The position of the needle probe was moved slowly and carefully to search for the arterioles and venules. Blood between the tip of the needle probe and the endocardial surface inside the doughnut was flushed away with 370C Krebs-Henseleit buffer solution injected through a microtube in the sheath to obtain a clear image. Diameter measurements were made after end diastole, the timing of which was estimated from the aortic pressure value corresponding to the pressure at previous end diastole. Diameter changes in both arteriole and venule during a cardiac cycle were expressed schematically by the same sinusoidal curve, since the diameter changes in both vessels were similar to each other (see Fig 9) .
Prolonged diastole was produced by cessation of right ventricular pacing. The time duration from the beginning of prolonged diastole to the zero-flow point (C in Fig 3) ranged from 2.2 to 3.5 seconds (12 diastolic intervals). Zero flow was measured near the origin of the coronary artery (not in the microcirculation). Sequential vascular images were analyzed from the beginning of prolonged diastole until aortic pressure decreased to 20 mm Hg, if beating did not resume above 20 mm Hg. Injections of lidocaine (20 mg/mL IV) were sometimes required to suppress spontaneous ventricular beats. In three dogs (six arterioles and five venules), prolonged diastole was also produced during maximal coronary vasodilation to evaluate the influence of vascular tone on the diameter changes during long diastole. Adenosine (0.3 to 0.7 mg/min) was infused continuously into the coronary arteries through a cannulated branch of the LAD. The infusion rate of adenosine was increased until there was no further increase in the coronary blood flow. At the end of each experiment, the dog was killed with a lethal dose of potassium chloride.
To examine a vascular diameter change in the longer time course of cardiac arrest, we performed an additional experiment using two dogs (15 and 17 kg) in which the observation of subendocardial vessels (five arterioles and five venules) was possible for more than 10 seconds after the beginning of prolonged diastole. The vascular diameters were measured at the beginning of prolonged diastole, at zero flow, and at 12 seconds after the beginning.
We have previously shown that in normal beating porcine heart, subendocardial arterioles and venules increase their diameters in diastole.8 Therefore, the first diameters during prolonged diastole were obtained at the moment normal diastole would have ended, the timing of which was estimated from the aortic pressure value corresponding to the pressure at the previous end diastole (Fig 1) .
Statistical Analysis
Results were expressed as mean+SD. The differences between two means were compared by the paired t test. The criterion for statistical significance was P<.05.
Results
Before prolonged diastole, systemic hemodynamics were as follows: systolic The tracings of aortic pressure and coronary arterial flow and the P-F relation for the same diastolic interval for the same dog as in Fig 2 are shown in Fig 3. The diastolic values used to obtain zero-flow measurements in other animals were the same ones used for arteriolar and venular diameter measurements. The P-F relation was close to linear, except near zero-flow points. The time constant of aortic pressure decay ranged from 4 to 7 seconds in individual animals. The identification of a zero flow in the tracing was difficult because of the resumption of beating in 4 of 16 diastolic intervals. However, since the coronary flow value in these 4 diastolic intervals just before beating resumed was very small, ie, 2.8+1.0 mL/min, we measured the vascular diameter just before the resumption and used the value obtained by linear extrapolation as a zero-flow pressure. Fig 4 shows changes in the diameters of 16 subendocardial arterioles with intact vasomotor tone (ranging from 40 to 126 gm at the beginning of prolonged diastole) during prolonged diastole in seven dogs. The diameters of arterioles with intact vasomotor tone gradually declined as aortic pressure fell. The mean diameter at the end of the observation period in prolonged diastole, 60±19 ,um, was narrower than that at the beginning of prolonged diastole, 81+25 gm (P<.01).
The mean diameter changes of 6 arterioles dilated with adenosine are also shown for comparison. The diameter of arterial microvessels during adenosine vasodilation also decreased as aortic pressure fell. Fig 5 shows the diameter changes of 16 venules with intact vasomotor tone (ranging from 32 to 192 ,um at the beginning of prolonged diastole) measured in seven dogs. The mean diameter at the end of the observation period in prolonged diastole, 122±50 ,um, was larger than that at the beginning of prolonged diastole, 106±44 ,m (P<.01). The mean diameter changes of 5 venules during adenosine vasodilation are also shown. The diameter of adenosine-vasodilated venules also increased during prolonged diastole.
Coronary blood flow and diameter of the subendocardial microvessels with intact vasomotor tone during prolonged diastole are summarized in Fig 6. The coronary blood flow decreased linearly (r=.99±.01; range, 0.96 to 0.99) with aortic pressure (Fig 6, left panel) . When the vascular diameter was normalized by the diameter at an aortic pressure of 80 mm Hg, it is clearly seen that arteriolar diameter decreased with aortic '°1-0' '(A)(IB) (C) pressure but the venular diameter increased (Fig 6,   right panel) .
Diameters of the subendocardial arterioles and venules at the moment of zero-flow pressure (12 diastolic intervals) and just before beating resumed (4 diastolic intervals) were compared with those at the beginning of prolonged diastole (Fig 7) . The arterial diameter at zero flow was decreased by 28%. However, none of the arterioles studied collapsed. On the other hand, the venular diameter increased by 14% at zero flow. The pressure in the great cardiac vein at zero flow was almost unchanged when compared with that at the beginning of prolonged diastole (Table) . When coronary blood flow was zero, aortic pressure was higher than the pressure in the great cardiac vein (P<.001).
Diameters of the subendocardial arterioles in additional experiments were 75±22 gm at the beginning of prolonged diastole, 60±17 ,gm at zero flow, and 53-+17 ,um at 12 seconds after the beginning of prolonged diastole; diameters of the venules were 45±14 tsm, 48±9 ,um, and 53±18 ,um, respectively. The percent changes in diameters are shown in Fig 8. The arteriolar diameters at 12 seconds decreased by 12% compared with the value at zero flow, while the venular diameters increased by 10%, although these changes were not significant statistically. The time interval between zero flow and the 12-second point was~8 to 9 seconds. Aortic pressures were 87±8 mm Hg at the beginning of prolonged diastole, 38±8 mm Hg at zero flow, and 14±3 mm Hg after 12 seconds. The great cardiac vein pressures were 7 + 2, 8+ 2, and 9 ± 2 mm Hg, respectively.
Discussion
The present study is the first to show the diameter changes in subendocardial arteriolar and venular vessels during prolonged diastole, when coronary blood flow reaches zero at the origin of the extramural coronary artery. The major findings of the present study are as follows: (1) The diameter of the subendocardial arterioles gradually declined with aortic pressure and coronary blood flow during prolonged diastole. However, the subendocardial arterioles did not collapse when the coronary blood flow reached zero or at 8 to 9 seconds after cessation of the coronary arterial flow. (2) In contrast, the diameter of the subendocardial venules increased during prolonged diastole. Our results and discussion depend on the following factors: (1) methodological considerations, (2) interpretation of the data, and (3) physiological implications.
Methodological Considerations
Since the vessels were observed during cardiac arrest, the fixation of the needle probe on the subendocardial vessels was not hampered by the beating heart, which contributed to stable recording of the vascular images during prolonged diastole.
The intramyocardial vessels are more easily affected by the ventricular cavity pressure during diastole than during systole.10,11 Thus, the balloon application to the endocardium may influence the observation of subendocardial microvessels. In a previous study,8 we evaluated the effect of balloon application to the endocardial surface on the subendocardial vessels by comparing the pressure in the space encircled by the doughnut balloon to the left ventricular pressure. During diastole, there was only a small pressure difference (2±2 mm Hg) between the encircled space and the left ventricular cavity. This indicates that the influence of the balloon application to the subendocardium had little effect on the subendocardial vessels.
Interpretation of the Data
The finding of the decrease in arteriolar diameter and the increase in venular diameter during prolonged diastole while aortic pressure continued to decrease (Fig 6, right panel) suggests the presence of the capacitive flow from arterioles to venules in the myocardium, ie, the shifting of the blood in the myocardial microvessels from the arterial side to the venous side during prolonged diastole. Because coronary arteries have substantial capacitance, blood stored in the extramural arteries as well as intramural arteries could discharge into the distal vascular beds such as capillaries, venules, and veins during prolonged diastole. The distal vascular beds may accommodate the discharged blood from the arterial sidẽ for a long time because of their longer time constant (higher compliance) than arterioles. Chilian and Marcus12 measured coronary arterial flow and coronary sinus blood flow simultaneously during long diastole and showed that coronary venous outflow occurred after cessation of arterial inflow for =2.5+1.0 seconds with vasomotor tone intact. The blood shift from the arterial side to the venous side may be one source of the continuing venous flow during long diastole.
Zero-flow pressure is very high (-26 mm Hg in the present study) in a coronary vascular bed with vasomotor tone. This high zero-flow pressure has been explained in two ways, a vascular waterfall theory or an intramyocardial capacitance theory.5,6,13 In the vascular waterfall theory, vascular collapse or semicollapse was supposed to occur at the arteriolar level, and a part of the pressure required to overcome smooth muscle tone would result in high zero-flow pressure in the vessels with vasomotor tone. In the intramyocardial capacitance theory,6 the existence of a relatively large intramyocardial capacitance would overestimate the actual zero-flow pressure because of the long time constant of intramyocardial compliance vessels. Since the arterioles do not collapse in the subendocardium or in the subepicardium at zero flow,7 the pressure in the discharging arteriolar compartments may be the main cause of the high zero-flow pressure during prolonged diastole. The higher zero-flow pressure in the vascular beds with vasomotor tone than in the dilated beds may be explained by a longer time constant for emptying blood from arteriolar compartments to distal vascular beds (capillaries, venules, and veins) that is due to the augmented vascular resistance caused by vasomotor tone. The relatively rapid decrease in arteriolar diameter during vasodilation by adenosine may be caused by a shorter time constant that is due to a decrease in vascular resistance (see Fig 4) . If microcirculatory collapse were to occur, it would presumably do so a short time after the cessation of arterial inflow. However, we did not observe any visible microvascular collapse at the inflow cessation or at 8 to 9 seconds after the inflow cessation.
Venular diameter increases during prolonged diastole in the subendocardium, whereas it is unchanged in the subepicardium.7 The reason for this difference is unclear. However, the increase in the subendocardial venules may be caused by a relatively larger resistance and longer time constant in the intramyocardial venules and veins than those in the subepicardium, since great cardiac vein pressure did not change from the beginning of prolonged diastole to the zero-flow point (Table) . If there is a difference in the in vivo compliance between subepicardial and subendocardial venules, this might also contribute to the difference in diameter changes.
The P-F relation in Fig 6 is apparently linear. However, present results clearly indicate that linearity of the diastolic P-F relation is not proof of a constant arteriolar resistance, since arteriolar diameter decreased during prolonged diastole. Thus, the P-F relations may be a composite of P-F points from a family of different P-F relations, each characterizing a different resistance at a different aortic pressure. When vascular tone was intact, the decrease in diameter of the subendocardial arterioles could be influenced by the active responses of the arterioles to the decreases in intraluminal pressure, flow, and cardiac metabolism relating to the cardiac arrest, in addition to passive responses14-16: the resistance may initially increase because of decreased oxygen consumption produced by the cardiac arrest and then may decrease as pressure falls to levels sufficient to produce vasodilation even at a reduced level of oxygen demand. However, when the vessels were maximally dilated by adenosine, the decreases in arteriolar diameter and increases in venular diameter during long diastole were similar to those with the vascular tone intact (Figs 4 and 5) . Therefore, passive properties of the arterial and venular microvessels may be primarily responsible for the vascular effects both with and without vascular tone.
Physiological Implications
Both subendocardial arteriolar and venular diameters increase during physiological diastole, by -13% in dogs and z20% in pigs. 8 We have succeeded in measuring the diameter change throughout a cardiac cycle in only a few cases because of intervening blood and/or rapid movement of the image relative to the sampling time (33 milliseconds). Fig 9 is an example of diameter change in a canine subendocardial arteriole and venule throughout a cardiac cycle. Although these data are out of the scope of the present study and not conclusive, both diameters decreased during systole and increased during diastole, as shown in the schematic drawing in Fig 1. During prolonged diastole, the venular diameters increased further, whereas the arteriolar diameters decreased gradually with declining aortic pressure after a peak value at about the time of a normal end diastole.
The increase in arteriolar diameters during a physiological diastole can be explained by the effect of releasing extravascular systolic compressive force, since intravascular pressure falls during diastole. This is consistent with inflow from epicardial coronary arteries into intramyocardial arterioles during diastole.4 Since extravascular compressive force becomes almost minimal at the end of normal diastole, the decrease in coronary perfusion pressure during prolonged diastole probably causes a pressure-dependent decrease in arteriolar diameter by displacing blood into distal capillaries, venules, and veins. Consequently, the arteriolar diameters in the later part of prolonged diastole can be smaller than the end-systolic diameters (about 15%). The slight increase in left ventricular pressure at the end of prolonged diastole may also contribute to the decrease in the by guest on April 14, 2017 http://circres.ahajournals.org/ Downloaded from arteriolar diameters. In other words, during a physiological cardiac cycle, the intraluminal pressure in arterioles counteracts the systolic extravascular compressive force, protecting against a further decrease in the arteriolar diameter by cardiac contraction.
The increase in venular diameter during physiological diastole is probably caused by the release of extravascular compressive force and by shifting blood from arterioles to venules. During prolonged diastole, the capacitance flow from arterioles to venules may mainly contribute to the further increase in the venular diameter, since the time constant of veins is long and the great cardiac venous pressure was almost unchanged during prolonged diastole. Thus, the subendocardial venular diameters during physiological beating conditions can be smaller than during prolonged diastole.
Recently, Satoh et al17 found that coronary arterial pressure at the point of venous flow cessation always exceeded right atrial pressure and that the venous zero-flow pressure increased when vasomotor tone was augmented by vasopressin. Although we could not observe vascular collapse at the subendomyocardium, our diameter measurements do not exclude the possibility that other mechanisms may produce a back pressure opposing coronary inflow that is higher than coronary venous outflow pressure. The rheological effect18-20 (yield stress of blood and blood cell-vascular endothelium interaction), infolding of the vascular wall,2' which is not appreciated with intravital microscopy, and/or other nonlinear pressure-volume relations in microvessels may be attributable to the back pressure opposing coronary inflow during long diastole. Localized closure not involving the vascular segments examined might occur, although we have not experienced such a closure during diastole, a finding also noted in our previous study .8 In conclusion, subendocardial arterioles and venules do not collapse during prolonged diastole when coronary arterial inflow stops at the origin of the extramural coronary artery or at 8 to 9 seconds after the cessation of coronary arterial inflow. The diameters of subendocardial arterioles decreased, while those of venules increased during long diastole. The diameters of subendocardial arterioles increase during physiological diastole but decrease during prolonged diastole. Venular diameters increase throughout physiological and prolonged diastole. Thus, an apparent linear P-F relation during prolonged diastole does not imply constant arteriolar resistance, but it may be a composite of P-F points from a family of different P-F relations. The higher zero-flow pressure observed with vascular tone intact than during adenosine vasodilation may be explained by a longer time constant for emptying blood from arteriolar compartments into the distal vascular bed when vascular tone is intact.
